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Hydrogen–deuterium exchange at non-labile sites is reported. The conjugate bases of
isophthalic acid (m-C6H4(CO2H)2), 2-oxoglutaric acid (HO2CCOCH2CH2CO2H), and 2-meth-
ylisophthalic acid (2-CH3-1,3-C6H4(CO2H)2) undergo scrambling with 1, 2, and 3 carbon-
centered hydrogens under a variety of conditions. Likewise, protonated 2-(m-methoxyphenyl)-
ethylamine ((m-CH3OC6H4)CH2CH2NH2) undergoes up to 5 H/D exchanges upon gentle
activation whereas the conjugate acid of 2-phenylethylamine (C6H5CH2CH2NH2) requires the
presence of ammonia-d3 in order to be pushed to undergo up to 8 H/D exchanges. The very
act of electrospraying ions can result in extensive movement of deuterium to carbon centers
and, in some cases, could not be prevented. These findings offer great promise for future
exploitation but also suggest that the interpretation of many H/D exchange experiments using
mass spectrometry as the analytical tool could be in error. (J Am Soc Mass Spectrom 2001, 12,
1163–1168) © 2001 American Society for Mass Spectrometry
Hydrogen–deuterium exchange is an extremelyimportant tool for determining structures andstudying dynamic processes of peptides, pro-
teins, and other biomolecules. This methodology is
based upon the temporal replacement of labile hydro-
gens (those attached to nitrogen, oxygen, and sulfur)
[exchange at the imidazole carbon (C2) of histidine also
may take place] by deuterium atoms upon incubation of
a substrate with a deuterated solvent. Nuclear magnetic
resonance spectroscopy and mass spectrometry (MS)
are the most commonly used techniques for monitoring
these processes in solution [1–13], and the latter ap-
proach also has been used extensively to interrogate
anhydrous (i.e., gas phase) structures [14–33]. Recent
MS investigations indicate that site-specific exchange
information for peptides and proteins can be obtained
via on-resonance collision-induced dissociation (CID)
and gaseous conformational states can be intercon-
verted by collisional heating [34–39]. In this study we
report a new reaction facet for H/D exchange which
could greatly impact the interpretation of H/D ex-
change data. In particular, exchange at sites not com-
monly thought of as exchangeable (i.e., C) is observed.
Hydrogens at aromatic and aliphatic carbons are found
to scramble in carboxylate and ammonium ions under a
variety of conditions.
Experimental
All neutral precursors were obtained from Aldrich
Chemical Company (Milwaukee, WI) and used as re-
ceived except for deuterium oxide and ethanol-OD
which were obtained from Isotec Incorporated.
Gas phase experiments were carried out in a Finni-
gan (Bremen, Germany) 2001 Fourier-transform mass
spectrometer (FTMS) which has been described previ-
ously [40]. Briefly, the instrument is equipped with a
dual cubic cell which is differentially pumped to a base
pressure of less than 2  109 torr by two Edwards
(Grand Island, NY) model 160M Diffstak diffusion
pumps. Neutral reagents are admitted into either of the
two cells via a batch inlet, variable leak valves, or
pulsed inlet systems.
Electrospray ionization (ESI) was carried out using
an Analytica (Branford, CT) atmospheric pressure ion-
ization source interfaced to a Finnigan Ultrasource
electrostatic ion guide. Ions were accumulated in the
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external source using a radio frequency (rf) only hexa-
pole operated at a fixed-frequency of 5.2 MHz and were
transferred directly into the source cell of the FTMS.
This was done because of the greater array of inlet
systems on one side of the instrument, and to allow for
the introduction of high (104 torr) pressures of argon
both for cooling and excitation via sustained off-reso-
nance irradiation (SORI) [41]. The plumbing on the
analyzer side of the instrument is not amenable to the
introduction of high gas pressures while the external
source is being used because they greatly reduce its
efficiency. Improved trapping of ions and signal-to-
noise ratios were obtained for low mass species (200
Da) by lowering the trapping amplitude of the hexapole
from the standard 600 volts peak-to-peak (Vp-p) to
between 50 and 250 Vp-p. Positive and negative ions
were sprayed from 1:1 methanol/water solutions con-
taining 0.1% acetic acid or 0.1% concentrated ammo-
nium hydroxide, respectively. In both cases, flow rates
of 2–5 l/min were maintained using a Harvard Appa-
ratus syringe pump, and analyte concentrations of
10–100 g/ml were used to obtain strong (M  1) or
(M  1) signals.
For both anions and cations the extent of H/D
exchange occurring at thermal energies was probed in
the following manner: The d0 species was sprayed into
the cell, cooled with a 105 torr pulse of argon, and
isolated via stored-waveform inverse Fourier-transform
(SWIFT) ejection of unwanted ions [42]. One thermal
H/D exchange was observed with D2O for all of the
anions studied while three exchanges were observed
with ND3 for all of the cations. To probe how many
additional H/D exchanges could be induced with ex-
cess energy, cations and anions were subjected to SORI
(0.1–1.5 eV) for up to 90 s in the presence of high static
(6  107 torr) pressures of ND3 and D2O, respec-
tively. Scrambling experiments were also conducted
using argon as the collision gas in order to assess
whether ammonia or water is necessary for the ex-
change to occur. Anion experiments were carried out by
spraying d1 ions from D2O/CH3OD solutions and al-
lowing these species to react with H2O in the cell to
wash out the label. Alternatively, the d1 ions were
excited for 100 ms at 0.1–1.5 eV via SORI in the presence
of Ar pulsed to 105 torr and then were allowed to
react with background water to see if the extent and rate
of washout changed. The cations were studied in an
analogous manner.
Density functional theory (DFT) calculations were
carried out using Gaussian 98 on an IBM SP supercom-
puter at the Minnesota Supercomputer Institute [43].
DFT geometries and vibrational frequencies were com-
puted using the Becke three-parameter fit with the
functional of Lee, Yang, and Parr (B3LYP) and the
6-31G(d,p) basis set [44]. The resulting energies were
corrected for the zero-point energy and are reported at
0 K. Semiempirical calculations using the Austin Model
1 (AM1) Hamiltonian were carried out on all of the
cations studied using MacSpartan Version 1.0 (Wave-
function, Inc., Irvine, CA) on a Power Macintosh
7100/80 AV upgraded to a 260 MHz G3 processor [45].
Results and Discussion
Carboxylate ions 1-3 were generated in a Finnigan dual
cell FTMS 2001 by electrospray ionization using an
Analytica ESI source coupled to an Ultrasource electro-
static ion guide. All three ions undergo one H/D
exchange with deuterium oxide to afford deuterated
carboxylic acids, presumably via a relay mechanism
that has previously been examined [46–50]. When these
d1 ions are given a small amount of excess internal
energy (1 eV) [all of the nominal kinetic energies cited
in this work refer to the laboratory frame of reference]
via SORI in the presence of D2O, one, two, and three
additional deuterium atoms are incorporated into 1-3,
respectively (Figure 1). These results indicate that deu-
terium can be incorporated at carbon, a non-labile site.
A scrambling mechanism is proposed for all three ions
like the one illustrated for 1 in Scheme 1. In each case,
an endothermic proton transfer occurs from a relatively
acidic carbon site (i.e., the aromatic ring in 1, the -keto
Figure 1. The top spectrum (a) corresponds to 3-d1 generated by
the reaction of 3 with deuterium oxide and subsequently isolated
using a SWIFT excitation. The bottom spectrum (b) shows nearly
complete incorporation of three additional deuterium atoms upon
low energy (0.7 eV) sustained off-resonance irradiation of 3 in the
presence of D2O for 90 s.
Scheme 1
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methylene group in 2, and the benzylic methyl group in
3) to the carboxylate ion. Deuteron transfer to the
resulting carbanion from the second carboxyl group
subsequently leads to deuterium incorporation at a
non-labile position (i.e., C).
To test whether D2O is required for scrambling to
take place, 1-OD, 2-OD, and 3-OD were sprayed from a
1:1 mixture of deuterium oxide and methanol-OD con-
taining 0.1% ammonia. The resulting ions were cooled
with a pulse of dry argon (104 torr), and the d1
species were isolated using a SWIFT excitation. A
second argon pulse was subsequently admitted to the
FTMS cell followed by a variable time delay to enable
reaction with background H2O (10
9 torr) in the
instrument. [Since the H/D exchange reactions of 1 and
3 take 300 s to follow with background H2O and 2 reacts
10 times slower, the latter ion was examined with a
static pressure of H2O at 1  10
8 torr.] For each of the
ions studied this led to the loss of the deuterium
indicating that the label was at a labile position (i.e., O).
If the ions were excited via SORI during the second
argon pulse, some of the deuterium subsequently could
not be washed out by H2O but the rate of back-
exchange was the same as that without SORI. This
indicates that the ions do not isomerize to another
structure upon excitation. The amount of deuterium
remaining in each ion was found to be statistically
related to the number of available hydrogens at the
reactive carbon site(s). For example, when 1-OD is
completely scrambled (0.5 eV SORI), 50% of the
deuterium has moved to carbon. This percentage in-
creases for 2-OD and 3-OD to 66 and 75%, respec-
tively, and indicates that the equilibrium isotope effect
is small in these systems.
The energy dependences for the competition be-
tween scrambling and fragmentation also were qualita-
tively probed (Figure 2). All three ions show complete
statistical scrambling prior to the onset of fragmentation
via SORI CID. On-resonance CID is a faster decompo-
sition process, but even in this case when the starting
signal for 3 was reduced by 90%, the deuterium label
was found to have moved from oxygen to carbon in the
residual parent ion and the resulting decarboxylated
fragment. Extensive scrambling also takes place in the
hexapole ion storage reservoir of the external source.
This process can be prevented from occurring with 1
and 2 by using short accumulation times (50–150 ms)
and low trapping potentials, but we were unable to stop
the extensive (20–30%) exchange of 3 (and 5) under a
variety of conditions. Most likely this is because scram-
bling takes place during the ion transfer process from
the external source to the FTMS cell. In our experiments
the background pressure was 108 torr in the FTMS
cell. The base pressure is 109 torr in the instrument, but
even if the ions could be trapped at this pressure they
still would be translationally hot. Argon was conse-
quently pulsed to 104 torr to cool the ions, but this
process can transfer translational energy to vibrational
modes and cause the observed scrambling.
Density functional theory calculations were carried
out on isophthalic acid (m-C6H4(CO2H)2) and its conju-
gate bases (1 and 1C) using the B3LYP functional and
the 631G(d,p) basis set to further explore the scram-
bling mechanism. These computations indicate that the
structure corresponding to 2,6-dicarboxyphenyl anion
(1C) is only 20.2 kcal/mol (1 calorie  4.184 joules) less
stable than its carboxylate precursor (i.e., 1). In contrast,
the loss of carbon dioxide from 1 to afford m-carboxy-
phenyl anion (m-(CO2H)C6H4
, the fragmentation prod-
uct upon SORI or on-resonance CID) is computed to be
endothermic by 52.6 kcal/mol. These results indicate
that H/D exchange should be more facile than frag-
mentation and provide additional support for our
proposed scrambling mechanism. They also help to
account for the 1:1 loss of CO2 and
13CO2 from
m-C6H4(CO2H)
13CO2
 which we previously observed
upon fragmentation by SORI or on-resonance CID
(Broadus, K. M.; Reed, D. R.; Kass, S. R., unpublished
results).
Most analytical MS investigations are carried out
with positive ions, therefore we also decided to examine
protonated 2-phenylethylamine (4) and 2-(m-methoxy-
phenyl)ethylamine (5). As expected, both of these am-
monium ions undergo up to 3 H/D exchanges with
ammonia-d3 under thermal conditions. No scrambling
to carbon is observed for 4 upon SORI excitation with
Figure 2. The relative energy dependence for scrambling (dia-
monds) and fragmentation (squares) of 3-d1.
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argon as the collision gas or via energy deposition in the
hexapole ion storage reservoir. The addition of the
electron-donating m-methoxy substituent in 5, how-
ever, enables the ammonium deuteriums to switch with
the hydrogens at the two ortho ring positions, presum-
ably, upon gentle activation. This process is illustrated
for one of the two ortho sites in Scheme 2.
AM1 calculations on 4 indicate that N-protonation is
favored over C-protonation at the ortho position of the
aromatic ring by 27 kcal/mol. This value is reasonable
given that the latter species is stabilized by hydrogen
bonding to the amino group and the experimentally
determined proton affinity (PA) difference between
2-phenylethylamine (PA  223.8 kcal/mol) and propy-
lbenzene (PA  188.8 kcal/mol) is 35 kcal/mol [51].
Addition of the m-methoxy group in 5 is found to
reduce the difference between protonation at nitrogen
and the ortho position of the aromatic ring by 9 kcal/
mol. The resulting energy gap of 18 kcal/mol is similar
to that for 1 and can be bridged, consequently, 5
undergoes intramolecular H/D scrambling. As for 4,
the required endothermic proton transfer is too unfa-
vorable (27 kcal/mol) and intramolecular scrambling
does not take place. When 4 is excited by SORI in the
presence of ammonia-d3, however, up to five additional
deuteriums are incorporated into the ion. The mecha-
nism for this process is uncertain, but since ND3 (PA 
204 kcal/mol) is required for the additional exchanges
to take place, it seems reasonable to invoke a relay
mechanism in which the ammonia provides additional
flexibility to the system and serves as a conduit for a
concerted proton transfer from the ammonium ion to an
aromatic ring carbon [25, 46–50]. Diethyl ether and
water (PA 201 and 166 kcal/mol, respectively) do not
promote scrambling, presumably because the former
reagent has no hydrogens at its basic site to transfer and
the latter compound is not basic enough in this case to
act as a proton shuttle. A similar observation has been
reported by McLafferty et al. in which significantly
more deuterium is incorporated into cytochrome c 13
ions upon collisional heating with D2O as the target gas
[36].
Conclusions
Our results provide an exciting new dimension to H/D
exchange reactions whose exploitation may prove to be
of considerable value. At the same time, our data also
suggest that the interpretation of many H/D exchange
experiments could be in error. In particular, when ions
are intentionally excited so as to cause conformational
changes or fragmentations, the results may be misinter-
preted because of the deuterium scrambling into unex-
pected positions. Incidental energy deposition such as
during ion accumulation or transfer in some electros-
pray sources may also lead to unanticipated deuterium
movement, and must be considered. Further studies of
intramolecular proton scrambling in amino acids and
peptides are under way as residues with activated
aromatic side chains may be especially prone to this
phenomenon. The results from these experiments will
be reported in due course.
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